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Abstract 

Background: The epidermal growth factor receptor (EGFR), a member of the ErbB family of receptors, is a 
transmembrane tyrosine kinase (TK) activated by the binding of extracellular ligands of the EGF-family and involved 
in triggering the MAPK signaling pathway, which leads to cell proliferation. Mutations in the EGFR tyrosine kinase 
domain are frequent in non-small-cell lung cancer (NSCLC). However, to date, only very few, mainly non-European, 
studies have reported rare EGFR mutations in colorectal cancer (CRC). 

Methods: We screened 236 clinical tumor samples from European patients with advanced CRG by direct DNA 
sequencing to detect potential, as yet unknown mutations, in the EGFR gene exons 18 to 21, mainly covering the 
EGFR TK catalytic domain. 

Results: EGFR sequences showed somatic missense mutations in exons 18 and 20 at a frequency of 2.1% and 0.4% 
respectively. Somatic SNPs were also found in exons 20 and 21 at a frequency of about 3.1% and 0.4% respectively. 
Of these mutations, four have not yet been described elsewhere. 

Conclusions: These mutation frequencies are higher than in a similarly sized population characterized by Barber 
and colleagues, but still too low to account for a major role played by the EGFR gene in CRC. 



Background 

The epidermal growth factor receptor (EGFR) is a cell 
surface receptor belonging to the ErbB family of recep- 
tors, a family of four tyrosine kinase receptors, EGFR 
(ErbB-1), HER2/c-neu (ErbB-2), Her3 (ErbB-3) and 
Her4 (ErbB-4). These tyrosine kinases are involved in 
various aspects of cell growth and survival and have 
been implicated in the initiation and progression of sev- 
eral types of human malignancies. EGFR is involved in 
cell growth control through its role in the mitogen-acti- 
vating-protein-kinase (MAPK) pathway. Therefore, over- 
expression or mutation of EGFR may be responsible for 
the constitutive activation of the pathway which these 



* Correspondence: thomas.wenner@univ-lyon1.fr 

1 Laboratoire de Recherche sur le Cancer et les Maladies du Sang, 4, rue 

Ernest Barbie L-1210 Luxembourg, Luxembourg 

Full list of author information is available at the end of the article 



receptors control[l]. In colorectal cancer (CRC), the 
EGFR gene has been found to be over expressed in 
more than 80% of tumors and is significantly associated 
with TNM stage T3[2]. Hence, EGFR might be involved 
in the development of colorectal cancer and has now 
been validated as a clinically relevant target. At present, 
two different monoclonal antibodies raised against the 
extracellular part of the EGFR receptor are in use in a 
clinical setting (Cetuximab and Panitumumab). Both of 
these monoclonal antibodies bind to the extracellular 
domain of the EGFR preventing its activation but, 
Cetuximab and Panitumumab have single-agent 
response rates in the region of only 10% [3,4]. K-ras 
mutational status could in part explain this poor out- 
come as mutation in the K-ras gene would activate the 
EGFR pathway whatever the activation of EGFR receptor 
is activated or blocked. However 40% to 70% of patients 
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with a wild type K-ras won't benefit from the use of 
these monoclonal antibodies[5-7]. This might be 
explained by the occurrence of mutation in the same 
pathway downstream of K-ras, as B-raf for example, or 
by the variation of the EGFR receptor copy number 
[8-10]. This might also be explained by the occurrence 
of mutations in the EGFR gene as shown in non-small- 
cell lung cancer (NSCLC), where mutations in exons 
18-21 coding for the tyrosine kinase domain are fre- 
quent (10-50%) [11]. These mutations, however, are gen- 
erally related to an increased sensitivity to EGFR 
inhibitors, which might not be the case in CRC. 

There are only a few reports of mutations in the EGFR 
gene in colorectal tumors and all of these used sequen- 
cing after gene amplification. The first report focused 
on only 31 cases from Milan (Italy) and is the only Eur- 
opean study [12]. Of these 31 cases, only one showed a 
mutation. The second study focused on 33 cases and 
was performed on Japanese patients from Beppu[13]. Of 
these 33 cases, ten were detected as having mutations in 
the EGFR gene. The third focused on 101 Chinese 
(Shangai) patients and the authors described only 2 
mutations [14]. The last study was conducted by Barber 
et al., [15] in Baltimore USA, where only one mutation 
in 293 patients was characterized. 

Since EGFR mutations in NSCLC have a substantially 
higher frequency in East Asians than in other ethnicities, 
a relationship between EGFR mutation frequency and 
ethnicity has been established[16]. We studied a large 
cohort of a European population in order to investigate 
the frequency of occurrence of mutations in the EGFR 
gene in a European context and to determine if these 
mutation occur as frequently as in the American popu- 
lation. We also determined the somatic nature of the 
mutation by using the corresponding patient's blood 
DNA as the control. 

Methods 

Patients 

Two hundred and thirty-six tumor samples were col- 
lected between 2002 and 2007, were obtained from 
patients with CRC with the agreement of the Luxem- 
bourg Ethics Committee and informed consent were 
obtained from all participants. All patients were of Eur- 
opean ethnicity. The samples had a histological stage 
equal to or greater than pTl. 

Clinical tumor samples and non-tumor control samples 

Colorectal tumor samples were isolated during surgical 
resection and, in order to obtain more than 80% of the 
cancer tissue, a small part of the middle of the tumor was 
rapidly frozen by the clinician in liquid nitrogen and 
stored at -80°C until genomic DNA preparation. As a 
non-tumor tissue control, whole leukocyte samples were 



collected from the same patients in vacutainers/EDTA 
(Becton Dickinson, Rutherford, New Jersey, USA) and 
extraction was carried out using NH 4 C1 treatment. These 
control cells were used to determine whether these muta- 
tions were germline or somatic for each mutation found 
(i.e. silent or missense). Hence, each time we found a 
mutation in an exon, the corresponding leukocyte DNA 
was sequenced in both directions in the same exon. 

Genomic DNA preparation 

Cellular genomic DNA was extracted from roughly 25 
mg tumor tissue or non-tumor leukocyte control sam- 
ples using the DNeasy Blood & Tissue kit (Qiagen, 
Westburg, Leusden, the Netherlands) and DNA concen- 
trations were checked using a nanodrop ND1000 appa- 
ratus (ThermoFisher, Aalst, Belgium) according to the 
manufacturer's instructions. 

PCR amplification 

Specific PCR primers (Eurogentec, Seraing, Belgium) for 
the amplification of the DNA regions covering exons 18, 
19, 20 and 21, respectively, of the human EGFR gene 
tyrosine kinase domain were designed according to [1] 
(Table 1). 

PCR amplification was performed using the AmpliTaq 
Gold® DNA polymerase (Applied Biosystems, Halle, Bel- 
gium) according to the manufacturer's protocol using 
100 ng of genomic DNA in an Eppendorf Mastercycler 
(Eppendorf, Fisher Scientific, Aalst, Belgium). The PCR 
program was set up with a denaturizing step of 10 min 
at 95°C followed by 30 repetitions of the following 
sequence: 95°C, 1 min; annealing temperature according 
to the primer used (Table 1), 1 min; 72°C, 1 min; and a 
final elongation step of 10 min. The resulting PCR pro- 
ducts were checked on 2% agarose gel electrophoresis 
and purified using the ExoSAP-IT® purification method 
(USB Affymetrix, Cleveland, USA). 

KRAS mutations located within codons 12 and 13 
were characterized by direct sequencing according to 
the conditions published in [17]. 

Direct DNA sequencing 

Once purified, the PCR products were analyzed by 
direct automatic PCR-assisted DNA dideoxynucleotide 
sequencing according to the manufacturer's protocol 
using the oligonucleotides previously described (Big Dye 
Terminator V3.1, Applied Biosystems, Halle, Belgium). 
Analysis of the purified sequenced products was per- 
formed on a 3130 Genetic Analyzer (Applied Biosys- 
tems, Halle, Belgium). Where there was the possibility 
of a mutation, sequencing was repeated at least once in 
the antisense direction for confirmation as well as on a 
new PCR product and in the corresponding leukocyte 
control. 
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Table 1 Sequences of primers used to amplify and sequence EGFR exons 18 to 21 

Exon Sequence 5'^3' Tm (°C) 

18 for CAAATGAGCTGGCAAGTGCCGTGTC rev GAGmCCCAAACACTCAGTGAAAC 58 

1 9 for GCAATATCAGCCTOGGTGCGGCTC rev CATAGAAAGTGAACAmAGGATGTG 67 

20 for CCATGAGTACGTA^TOAAACTC rev CATATCCCCATGGCAAACTCTOC 58 

21 for CTAACGTCGCCAGCCATAAGTCC rev GCTGCGAGCTCACCCAGAATGTCTGG 67 

The annealing temperature is shown. For and rev are primers forward and reverse respectively according to the gene transcription orientation. Forward primers 
were used to sequence all PCR products and reverse primers to confirm the presence of mutation. 



DNA mutation analysis 

DNA sequence data were examined for potential point 
mutations, deletions and insertions using the SeqScape 
software version 2.5 (Applied Biosystems, Halle, 
Belgium). 

Results 

Cellular genomic DNA was extracted from clinical 
tumor tissue, adenoma-carcinomas, or from leukocytes 
as control samples, from 236 European CRC patients in 
Luxembourg. Single nucleotide polymorphisms (SNP's) 
and mutations were detected and analyzed using the 
EGFR gene card website, the cosmic database and the 
EGFR database. 

DNA regions covering exons 18, 19, 20 and 21 of the 
human EGFR gene encompassing mainly the tyrosine 
kinase domain were then amplified using PCR, and 
directly sequenced. Missense mutations arose at a fre- 
quency of 2.1%, 0%, 0.4% and 0.4% in exons 18 to 21 
respectively whereas these samples showed an overall 
frequency of mutation of 2.6%, 0.5%, 0.8%, and 3.8% in 
exons 18 to 21 respectively. Among these mutations, we 
were able to distinguish those already described from 
non described missense mutations (affecting protein 
sequence) and silent point mutations (mutations affect- 
ing DNA sequences without affecting protein sequence). 
Moreover, each time a mutation was characterized in an 
exon, it was confirmed by a reverse sequencing in the 
same PCR product and on a new one (both ways) and 
the same exon was sequenced in the blood DNA of the 
patient where this mutation was found (both ways). 

Sometimes we ran out of colorectal tissues from some 
patients and were therefore unable to sequence 236 
samples for all the four exons. We were, nevertheless, 
able to sequence 188, 221, 227 and 236 samples for 
exons 18, 19, 20 and 21, respectively. 

In exon 18, missense point mutations were present 
with a frequency of only 2.1% (4 out of 188 cases deter- 
mined (Figure 1 and Table 2). Only one mutation had 
already been described and this affected codon 712 
(TTC to TCC transition, F712S). The three remaining 
mutations had not yet been described in CRC nor in 
other cancers according to the EGFR databases and 
these affected codons 707 (TTG to TCG transition, 



L707S), 710 (ACT to GCT transition, T710A) and 711 
(GAA to GTT double transversion Q711V). The mis- 
sense mutations were all somatic, since none was found 
in the non-tumor control tissue. 

The last mutation found in exon 18 was a silent germ- 
inal point mutation and corresponds to a SNP, at codon 
725 (ACG to ACA transition, Y725Y) in one patient 
(Table 2). Nucleotide positions mutated are detailed in 
table 2. 

In exon 19, only one mutation was detected out of 
221 samples determined (frequency 0.5%, Table 2). This 
mutation has yet not been described and might be a 
new SNP since it consisted of another silent germline 
point mutation found at codon 742 (GTC to GTT tran- 
sition, V742V). 

In exon 20, two already described missense mutations 
out of 225 determined samples (frequency 0.8%) were 
characterized, one somatic mutation affecting codon 795 
(TTC to TCC transition, F795S) and one germinal 
mutation in codon 796 (GGC to AGC transition, 
G796S). We also detected an already described SNP, 
silent point mutation in codon 787, leading to a G to A 
transition (CAG-CAA - Q787Q, unchanged), in 186 of 
the 225 tumors analyzed (frequency 82.7%, 11 undeter- 
mined). This SNP was either homozygous (93 cases, 
41.3%) or heterozygous (G/A, 93 cases, 41.3%, Figure 1, 
Table 3). The SNP was considered heterozygous when 
an electropherogram showed a superimposition of the 
signals corresponding to G and A at roughly half the 
intensity of the one obtained in homozygous sequences. 
These silent point mutations were nearly all germinal as 
91 heterozygous mutations and 92 homozygous muta- 
tions were found both in tumors and in patient leuko- 
cyte DNA (Table 3). There were only 3 cases where a 
wild type sequence was found in leukocytes and had 
mutated in tumors (2 heterozygous and 1 homozygous) 
and surprisingly, 4 patients showed a mutated EGFR in 
their leukocyte DNA but a wild type sequence in their 
tumors (2 heterozygous, 2 homozygous). In order to 
check whether this silent point mutation was more fre- 
quently found in patients suffering from the disease, we 
sequenced DNA from the leukocytes of healthy volun- 
teers. A similar frequency of occurrence of this silent 
point mutation was found, as 56 out of 61 controls 
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A. 



AAGGAAACTGAA 




WT 



AAGGAAGC tg aa 



A 



Mutation T710A 



B. 



ATCTTGAAG 




WT 



ATCTCGAAG 




Mutation L707S 

Figure 1 Comparison between wild type and mutant electropherograms in A and B showing two novel mutations in exon 18 of the 
EGFR gene. 



(91.8%) were shown to harbor this silent point mutation frequency 1 out of 236 (0.4%) in exon 21. This mutation 

(34 heterozygotes and 22 homo zygotes). was germinal as the same mutation was found in the leuko- 

Finally, we characterized a still non described missense cytes of this patient. Moreover, an already described silent 

mutation at codon 847 (ACA to AGA transversion, T847R, SNP was found in 8 patients out of 236 tumors analyzed at 
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Table 2 Mutations found in EGFR exons 18 to 21 



Exon Frequency 



Mutation type 



Heredity K-ras 



status 






TTG to TCG (L707S) n2120 
Ti 


s 


wt 






ACT to GCT (T710A) n2128 
Ti 


s 


wt 


18 


5/188 
(2.6%) 


GAA to GTT (E711V) n2132/ 
2133 Tv 


s 


wt 






TTC toTCC (F712S) n2135 Ti 


s 


wt 






ACG to ACA (T725T) n2175 Ti 


g 


wt 


19 


1/221 
(0.5%) 


GTC to GTT (V742V) n2226 
Ti 


g 


wt 






JTC to TCC (F795S) n2384 Ti 


s 


wt 


20 


2/227 
(0.8%) 


GGC to AGC (G796S) n2386 
Ti 


g 


Wt 






CGC to CGT (R836R) n2508 Ti 


g 


M (13) 






CGC to CGT (R836R) n2508 Ti 


g 


wt 






CGC to CGT (R836R) n2508 Ti 


g 


wt 






CGC to CGT (R836R) n2508 Ti 


g 


wt 


21 


9/236 
(3.8%) 


CGC to CGT (R836R) n2508 Ti 
CGC to CGT (R836R) n2508 Ti 


g 
g 


wt 
wt 






CGC to CGT (R836R) n2508 Ti 


s 


M (12) 






CGC to CGT (R836R) n2508 Ti 


nd 


wt 






ACA to AGA (T847R) n2540 


g 


Wt 



Tv 



Frequency as well as mutation type and heredity are shown. Bold characters 
underline mutations not described elsewhere and italic characters indicate 
silent point mutations. Nucleotides positions are marked with an n followed 
by the position number. Transversion or transition mutation types are marked 
by Tv or Ti respectively. Germline and somatic mutations are designated by g 
and s respectively and correspond to mutations found (germline, g) or not 
found (somatic, s, tumor specific) in peripheral blood-DNA of the same 
patients. KRAS mutations located within the codon 12 (M 12) or 13 (Ml 3) are 
highlighted. 

codon 836 (CGC to CGT transition, R836R). Six of these 
mutations were germline and one somatic, the remaining 
mutation was undetermined (not sequenced). 

Discussion 

To summarize, missense mutations arose at a frequency 
of 2.1%, 0%, 0.4% and 0.4% in exons 18 to 21 respectively 



Table 3 Combination of wild type and mutated exon 20 



sequence in codon 787 of the EGFR gene 


WBC Tumor 


CAG 
(WT) 


CA G/A Polym' 
het 7 


CAA Polym 7 
horn' 


Total 


CAG (WT) 


25 


2 


2 


39 


CA G/A Polym' 
het' 


2 


91 


0 


93 


CAA Polym' 
horn' 


1 


0 


92 


93 


Total 


38 


93 


94 


225 


Wild type (WT) and mutant (polymorphic heterozygous (polym het) or 
homozygous (polym horn)) sequences of EGFR exon 20 codon 787 have been 
found in tumors and peripheral blood-DNA (WBC: White Blood Cells). 



whereas these samples showed an overall frequency of 
mutation of 2.6%, 0.5%, 0.8%, and 3.8% in exons 18 to 21 
respectively. This included silent point mutation except 
for exon 20 where a frequent silent point mutation 
(82.7%) was characterized. These frequencies are within 
the range of those reported elsewhere, in terms of over- 
all frequency of missense mutation occurrence in exons 
18 to 21, 0.34 to 12% [10-13,15,18-20]. Hence, our cohort 
may be representative of the disease. 

Unlike in NSCLC, where such mutations occur at a 
frequency of up to 45%[1,21], neither small in-frame 
deletions, double mutations (silent and missense) nor 
insertions were found. In addition, in the case of mis- 
sense mutations, transitions (4 somatic 1 germline, see 
Table 2) were far more frequent (71.43%, 5 out of 7) 
than transversions. Moreover, 71.43% of these mutations 
were somatic and therefore specific to the tumor 
whereas the remaining mutations were germline, since 
they were also found outside the tumor, namely in the 
normal control tissue represented by leucocytes from 
the same patient. Most of these germline mutations 
were already known SNPs except in exon 19 (V742V) 
which has not yet been described and might be a new 
SNP, and in exon 20 (G796S) which might also be a 
new SNP although this mutation has been described in 
prostate cancer as tumor specific[22]. Most of these 
mutations were located in exon 18 corresponding to the 
ATP nucleotide binding loop of the EGFR tyrosine 
kinase domain (codons 707, 710, 711 and 712, 57.14%, 4 
out of 7), two were located in exon 20 (codons 795 and 
796) and one in exon 21 at codon 847, corresponding to 
the kinase activity loop. None was found in exon 19. 

At least one silent point mutation was observed in 
each exon (codons 725, 742, 787 and 836). These were 
all germline, except in one tumor at codon 836, where 
the mutation was not found in the leukocytes from the 
patient. 

Moreover, in this study, we found an already known 
silent SNP in EGFR exon 20 (Q787Q) arising at a very 
high frequency (186 out of 225 analyzed, 82.7%). This 
silent mutation has already been described in several 
cases of NSCL or head and neck squamous carcinoma 
[23,24] but only once in CRC,[13] occurring less 
frequently. 

Our main objective was to check if EGFR mutation 
frequency might explain the poor efficacy of the use of 
monoclonal antibody raised against the extracellular 
part of the EGFR receptor. As this may be partially 
explained by the occurrence of mutation in K-ras gene 
which led to the constitutive activation of the K-ras 
pathway, downstream of the EGFR receptor, we tested 
the K-ras mutational status of our patient harboring a 
mutation in the EGFR gene (Table 2). The K-ras gene 
has been found mutated in two cases (2 out of 17 cases, 
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12%), when EGFR showed a SNP in codon 21. The 
small number of somatic missense mutation (5 cases) 
found in our study doesn't allow us to get statistical sig- 
nificant results but we can underline that none of these 
patients showed mutations in K-ras whereas K-ras 
mutation frequency in colorectal cancer vary from 30% 
to 40%. 

Moreover, the comparison of the mutational status 
and clinical parameters which would have been of great 
interest is not possible due to the small number of 
somatic missense mutation (5 cases) found in our study. 
A larger cohort would be needed to address these 
questions. 

Functional analysis would also be of great interest to 
study the impact of the new mutations described in this 
work on EGFR expression and signaling. 

Conclusions 

In conclusion, missense mutation, which may be respon- 
sible for an activation of the EGFR gene through amino 
acid substitution, seems not to play a major role in the 
occurrence and development of colorectal cancer. How- 
ever, the frequency of mutation in the population in our 
study is much higher than in a similarly sized popula- 
tion characterized by Barber and colleagues, [15] and 
four new EGFR mutations were described. 

Acknowledgements and Funding 

The authors would like to thank the head nurse Gabrielle Bontemps and her 
staff at the Clinique Sainte-Therese, Luxembourg, for their invaluable help in 
collecting clinical samples. This study was supported by the Televie fund- 
raising organization and by the Fondation de Recherche sur le Cancer et les 
Maladies du Sang, Luxembourg. 

Author details 

1 Laboratoire de Recherche sur le Cancer et les Maladies du Sang, 4, rue 
Ernest Barbie L-1210 Luxembourg, Luxembourg. 2 Departement d'anatomie 
pathologique, Universite de Liege, Avenue de I'Hopital, 1 (B34), GIGA- 
Research, CHU Sart-Tilman, 4000 Liege, Belgium. 3 Service de Chirurgie, 
Clinique Ste Therese, ZithaKlinik, 36, rue Sainte Zithe, L-2763 Luxembourg, L- 
2763 Luxembourg. 4 Service d'Hemato-Cancerologie, Centre Hospitalier, 4, rue 
Ernest Barbie L-1210 Luxembourg Luxembourg. 

Authors' contributions 

BM, LC, DB, MP performed research, CF and JK collected biologic samples, 

MD, JB, PD coordinated the research, GB designed and coordinated the 

research, TW designed, coordinated and performed research, interpreted 

data, and wrote the article. All authors read and approved the final 

manuscript. 

The EGFR databases: 

http://www.egfr.org 

http://www.sanger.ac.uk/perl/genetics/CGP/cosmic 
http://www.genecards.org/ 

Competing interests 

The authors declare that they have no competing interests. 

Received: 26 May 201 1 Accepted: 25 October 201 1 
Published: 25 October 201 1 



References 

1. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, 
Brannigan BW, Harris PL, Haserlat SM, Supko JG, Haluska FG, et al: 
Activating mutations in the epidermal growth factor receptor 
underlying responsiveness of non-small-cell lung cancer to gefitinib. N 
Engl J Med 2004, 350(21 ):21 29-21 39. 

2. Spano JP, Fagard R, Soria JC, Rixe 0, Khayat D, Milano G: Epidermal growth 
factor receptor signaling in colorectal cancer: preclinical data and 
therapeutic perspectives. Ann Oncol 2005, 1 6(2):1 89-1 94. 

3. Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H, Santoro A, 
Bets D, Mueser M, Harstrick A, Verslype C, et al: Cetuximab monotherapy 
and cetuximab plus irinotecan in irinotecan-refractory metastatic 
colorectal cancer. N Engl J Med 2004, 351 (4):337-345. 

4. Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A, Neyns B, 
Canon JL, Van Laethem JL, Maurel J, Richardson G, et al: Open-label phase 
III trial of panitumumab plus best supportive care compared with best 
supportive care alone in patients with chemotherapy-refractory 
metastatic colorectal cancer. J Clin Oncol 2007, 25(1 3):1 658-1 664. 

5. Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chang Chien CR, Makhson A, 
D'Haens G, Pinter T, Lim R, Bodoky G, et al: Cetuximab and chemotherapy 
as initial treatment for metastatic colorectal cancer. N Engl J Med 2009, 
360(1 4):1 408-1 41 7. 

6. De Roock W, Piessevaux H, De Schutter J, Janssens M, De Hertogh G, 
Personeni N, Biesmans B, Van Laethem JL, Peeters M, Humblet Y, et al: 
KRAS wild-type state predicts survival and is associated to early 
radiological response in metastatic colorectal cancer treated with 
cetuximab. Ann Oncol 2008, 19(3):508-515. 

7. Benvenuti S, Sartore-Bianchi A, Di Nicolantonio F, Zanon C, Moroni M, 
Veronese S, Siena S, Bardelli A: Oncogenic activation of the RAS/RAF 
signaling pathway impairs the response of metastatic colorectal cancers 
to anti-epidermal growth factor receptor antibody therapies. Cancer Res 
2007, 67(6):2643-2648. 

8. De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzilas G, 
Kalogeras KT, Kotoula V, Papamichael D, Laurent-Puig P, et al: Effects of 
KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of cetuximab 
plus chemotherapy in chemotherapy-refractory metastatic colorectal 
cancer: a retrospective consortium analysis. Lancet Oncol 2010, 
11(8)753-762. 

9. Spindler KL, Pallisgaard N, Lindebjerg J, Frifeldt SK, Jakobsen A: EGFR 
related mutational status and association to clinical outcome of third- 
line cetuximab-irinotecan in metastatic colorectal cancer. BMC Cancer 

2011, 11:107. 

10. Sartore-Bianchi A, Moroni M, Veronese S, Carnaghi C, Bajetta E, Luppi G, 
Sobrero A, Barone C, Cascinu S, Colucci G, et al: Epidermal growth factor 
receptor gene copy number and clinical outcome of metastatic 
colorectal cancer treated with panitumumab. J Clin Oncol 2007, 

25(22):3238-3245. 

11. Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, Herman P, Kaye FJ, 
Lindeman N, Boggon TJ, et al: EGFR mutations in lung cancer: correlation 
with clinical response to gefitinib therapy. Science 2004, 

304(5676):1 497-1 500. 

12. Moroni M, Veronese S, Benvenuti S, Marrapese G, Sartore-Bianchi A, Di 
Nicolantonio F, Gambacorta M, Siena S, Bardelli A: Gene copy number for 
epidermal growth factor receptor (EGFR) and clinical response to 
antiEGFR treatment in colorectal cancer: a cohort study. Lancet Oncol 
2005, 6(5):279-286. 

13. Nagahara H, Mimori K, Ohta M, Utsunomiya T, Inoue H, Barnard GF, 
Ohira M, Hirakawa K, Mori M: Somatic mutations of epidermal growth 
factor receptor in colorectal carcinoma. Clin Cancer Res 2005, 
11(4):1 368-1 371. 

14. Yunxia Z, Jun C, Guanshan Z, Yachao L, Xueke Z, Jin L: Mutations in 
epidermal growth factor receptor and K-ras in Chinese patients with 
colorectal cancer. BMC Med Genet 2010, 1 1:34. 

15. Barber TD, Vogelstein B, Kinzler KW, Velculescu VE: Somatic mutations of 
EGFR in colorectal cancers and glioblastomas. N Engl J Med 2004, 
351(27):2883. 

16. Shigematsu H, Lin L, Takahashi T, Nomura M, Suzuki M, Wistuba II, Fong KM, 
Lee H, Toyooka S, Shimizu N, et al: Clinical and biological features 
associated with epidermal growth factor receptor gene mutations in 
lung cancers. J Natl Cancer Inst 2005, 97(5):339-346. 



Metzger et al. BMC Medical Genetics 201 1, 12:144 
http://www.biomedcentral.eom/1 471-2350/1 2/1 44 



Page 7 of 7 



17. Karapetis CS, Khambata-Ford S, Jonker DJ, O'Callaghan CJ, Tu D, 
Tebbutt NC, Simes RJ, Chalchal H, Shapiro JD, Robitaille S, et al: K-ras 
mutations and benefit from cetuximab in advanced colorectal cancer. N 
Engl J Med 2008, 359(1 7):1 757-1 765. 

18. Cappuzzo F, Finocchiaro G, Rossi E, Janne PA, Carnaghi C, Calandri C, 
Bencardino K, Ligorio C, Ciardiello F, Pressiani T, et al: EGFR FISH assay 
predicts for response to cetuximab in chemotherapy refractory 
colorectal cancer patients. Ann Oncol 2008, 19(4):71 7-723. 

19. Frattini M, Saletti P, Romagnani E, Martin V, Molinari F, Ghisletta M, 
Camponovo A, Etienne LL, Cavalli F, Mazzucchelli L: PTEN loss of 
expression predicts cetuximab efficacy in metastatic colorectal cancer 
patients. Br J Cancer 2007, 97(8):1 139-1 145. 

20. Personeni N, Fieuws S, Piessevaux H, De Hertogh G, De Schutter J, 
Biesmans B, De Roock W, Capoen A, Debiec-Rychter M, Van Laethem JL, 
et al: Clinical usefulness of EGFR gene copy number as a predictive 
marker in colorectal cancer patients treated with cetuximab: a 
fluorescent in situ hybridization study. Clin Cancer Res 2008, 
14(18)5869-5876. 

21. Kosaka T, Yatabe Y, Endoh H, Kuwano H, Takahashi T, Mitsudomi T: 
Mutations of the epidermal growth factor receptor gene in lung cancer: 
biological and clinical implications. Cancer Res 2004, 64(24):891 9-8923. 

22. Douglas DA, Zhong H, Ro JY, Oddoux C, Berger AD, Pincus MR, 
Satagopan JM, Gerald WL, Scher HI, Lee P, et al: Novel mutations of 
epidermal growth factor receptor in localized prostate cancer. Front 
Biosci 2006, 11:2518-2525. 

23. Takano T, Ohe Y, Sakamoto H, Tsuta K, Matsuno Y, Tateishi U, Yamamoto S, 
Nokihara H, Yamamoto N, Sekine I, et al: Epidermal growth factor receptor 
gene mutations and increased copy numbers predict gefitinib sensitivity 
in patients with recurrent non-small-cell lung cancer. J Clin Oncol 2005, 
23(28):6829-6837. 

24. Will more-Payne C, Holden JA, Layfield LJ: Detection of EGFR- and HER2- 
activating mutations in squamous cell carcinoma involving the head 
and neck. Mod Pathol 2006, 19(5):634-640. 

Pre-publication history 

The pre-publication history for this paper can be accessed here: 
http://www.biomedcentral.com/1471-2350/12/144/prepub 



doi:1 0.1 1 86/1 471-2350-1 2-1 44 

Cite this article as: Metzger et al.: The human epidermal growth factor 
receptor (EGFR) gene in European patients with advanced colorectal 
cancer harbors infrequent mutations in its tyrosine kinase domain. BMC 

Medical Genetics 201 1 12:144. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 

Submit your manuscript at (^\ RioMM i r pnt ^\ 

www.biomedcentral.com/submit Blomea ^ enirai 



